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This study evaluated the influence of superimposed luminance flicker on the detection of oscillatory 
motion. Thresholds for oscillatory motion were determined in the fovea and at 2, 6 and 25 deg in the 
right field for a small luminous target with and without sinusoidal luminance flicker. At the fovea, 
flicker modulation up to 80% at frequencies from 1.5 to 9 Hz had no effect on motion detection, except 
for oscillatory motion at a frequency of 8 Hz, for which thresholds were elevated by about 0.2 log units. 
In the periphery, flicker elevated motion thresholds up to 0.3-0.4 log units at low and moderate 
frequencies of oscillation at all locations tested. However, both fovea1 and peripheral motion thresholds 
were unaffected by flicker when the luminance of the target was reduced. The absence of a robust effect 
of target flicker on motion thresholds may be accounted for in part by the comparison of activity across 
a large population of motion-detecting neurons with different direction preferences. Another contribut- 
ing factor may be the existence of fovea1 velocity- and position-detecting mechanisms with similar 
sensitivities. 
Motion Flicker Temporal modulation Peripheral vision 
Under appropriate conditions, human observers are 
exquisitely sensitive to the motion of a visual stimulus. 
For example, when stationary reference targets are 
present the threshold amplitude of target motion can 
be less than 15 set arc (Graham, 1965; Nakayama & 
Tyler, 1981); even without reference targets, optimal 
motion thresholds are less than 1 min arc (Tyler & 
Torres, 1972; Buckingham & Whitaker, 1986; Bedell, 
1992). 
Over the past several years, a number of mathemati- 
cal models have been put forward to account for how 
the visual system detects stimulus motion. One class of 
models, arising originally from studies of invertebrate 
visual systems (Barlow & Levick, 1965; Reichardt, 1961; 
van Santen & Sperling, 1984; Wilson, 1985; ogmen & 
Gag&, 1990) correlates the responses of two (or more) 
spatially separated neural elements, with the response of 
the first element subjected to a time delay. A second class 
of models is predicated on the comparison of responses 
of visual filters characterized by spatial and temporal 
frequency tuning (Marr & Ullman, 1981; Adelson & 
Bergen, 1985; Watson & Ahumada, 1985; Harris, 1986). 
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A particular problem for all models is to distinguish the 
motion of a visual target from other local temporal 
changes of the stimulus, such as flicker. While sensitivity 
to target flicker is not a necessary consequence of the 
architecture of at least the Reichardt-type correlation 
model, motion sensitive visual interneurons in the fly 
(which collect inputs from multiple correlation-type 
detectors) respond also to temporal luminance modu- 
lation of a slit target (Egelhaaf, Borst & Reichardt, 
1989), indicating imperfect cancellation between direc- 
tionally opponent detector subunits. In the cat striate 
cortex, complex cells exhibit directionally selective 
responses to motion similar to the output of a late 
processing stage in the Adelson-Bergen spatio-temporal 
motion model (Adelson & Bergen, 1985; Emerson, 
Bergen & Adelson, 1992). However, these cells respond 
also to stationary flickering targets (Emerson, Citron, 
Vaughn & Klein, 1987), as do motion-selective cells in 
extrastriate cortical areas (Maunsell & Van Essen, 1983; 
Morrone, Di Stefano & Burr, 1986; Mikami, 1992). 
In a recent modeling study, Nair (1992) examined the 
effect of sinusoidal luminance flicker on the sensitivity of 
the Adelson-Bergen model to oscillatory motion of a 
discrete (spot) target. In Nair’s implementation of this 
model, the input stage consisted of a set of six spatio- 
temporally oriented receptive fields, tuned to rightward 
and leftward velocities ranging from 1.6 to 80 deg/sec, 
and a seventh receptive field with peak sensitivity at 
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0 deg/sec. The spatio-temporal sensitivity profiles of 
these receptive fields mimicked those determined psycho- 
physically by Burr, Ross and Morrone (1986), using a 
masking paradigm. Motion thresholds were estimated 
according to a line-element algorithm, comparable to 
that applied by Wilson and Gelb (1984) to spatial 
frequency discrimination and visual hyperacuity 
(Wilson, 1986). In agreement with the results of psycho- 
physical studies of human motion sensitivity (Tyler & 
Torres, 1972; Buckingham & Whitaker, 1986; Bedell, 
1992; also see Results), model thresholds decreased with 
the frequency of oscillatory motion up to 48 Hz, and 
then increased for higher oscillation frequencies. Super- 
imposed flicker of the target elevated model thresholds 
by 0.2-0.3 log units for frequencies of oscillation up to 
about 8 Hz. The extent of threshold elevation was 
essentially independent of temporal luminance contrast 
(over at least a two-fold range) and frequency of target 
flicker, but increased to between 0.4 and 0.5 log units 
when the phase relationship between motion and flicker 
was changed. The Adelson-Bergen spatio-temporal 
motion model has been shown (Adelson & Bergen, 1985; 
van Santen & Sperling, 1985) to be very similar math- 
ematically to an elaborated version of Reichardt’s cor- 
relation model (van Santen & Sperling, 1984); hence, 
it is reasonable to expect that thresholds of the elabo- 
rated Reichardt model would also be elevated by the 
simultaneous flicker and motion of a discrete target. 
There is some psychophysical evidence that motion 
sensitivity can be affected by luminance flicker. When 
flicker is synchronized with position change or occurs in 
particular regions of a stimulus configuration, com- 
pelling illusions of motion can occur (van Santen & 
Sperling, 1984; Anstis, 1986). In addition, Green (1983) 
reported that contrast detection thresholds for drifting 
low spatial frequency gratings are elevated by a flicker- 
ing surround and, more recently, Woodruff and Neil1 
(1990) found that the latency to respond to instan- 
taneous target motion is prolonged in the presence of a 
uniform flickering field. 
The purpose of this study was to compare psycho- 
physical thresholds for detecting oscillatory motion with 
and without superimposed flicker of the target. Results 
were obtained for a range of motion and flicker frequen- 
cies, both at the fovea and in the peripheral visual field. 
Consequently, the results provide an extensive psycho- 
physical data base with which to compare proposed 
models for human motion detection. 
METHODS 
The target was a luminous spot, 2 min arc in diameter, 
produced on a fast-phosphor (P4) CRT. This spot was 
viewed binocularly from 4 m in an otherwise dark room. 
Two digital to analog converters updated the luminance 
and horizontal position of the target at 1 kHz. The 
target’s motion was a horizontal sinusoidal oscillation 
that occurred during one of the two temporal intervals 
that comprised each trial. Oscillation frequencies ranged 
from 0.5 to 16 Hz, with a duration equal to the longer 
of 1 set or one complete cycle of motion. Motion was 
superimposed on a sinusoidal luminance flicker of the 
target (frequency = 1.5, 3, 6 or 9 Hz; modulation 
depth = O%, 40% or 80%) that occurred during each 
trial. 
The sequence of stimulus events during a single trial 
interval is depicted in Fig. 1. The onset of flicker 
preceded the period of target motion by at least 800 msec 
(longer if 800 msec was not an exact multiple of the 
flicker period) and outlasted the end of motion by 
300 msec. In most experiments, motion began when the 
target was at minimum luminance, which we define as a 
relative phase of zero (see Fig. 1). In experiments to 
assess how thresholds depended on the relative phase 
between flicker and motion, the onset of motion was at 
least 800 msec plus an additional interval (equal to the 
flicker period in msec x the relative phase angle in 
deg/360 deg) after the start of flicker. During trial inter- 
vals, the time average luminance of the target was 
120 cd/m2, as measured with a Pritchard photometer. 
For the 1.5 set between intervals and the several seconds 
between trials, target luminance was set to its minimum 
value (0.25 cd/m*). 
Observers were required to indicate during which of 
the two temporal intervals oscillatory motion occurred. 
No feedback was provided about the accuracy of 
responses; however, the observers had practice runs, 
the data from which were discarded. From trial to trial, 
the amplitude of target motion varied according to a 
staircase procedure: amplitude decreased after two con- 
secutive correct responses and increased after each incor- 
rect response. Initially, motion amplitude increased or 
decreased in steps of 40%, but step size was halved after 
each staircase reversal. Thresholds were measured as the 
peak-to-peak displacement of the target, in min arc, 
averaged over the last six staircase reversals with the 
minimum step size of 10%. Plotted data points are the 
> 800 msecl > 300 msec 
/ 
TIME 
FIGURE 1. The sequence of stimulus events is represented for a single 
trial interval. Luminance modulation (top) began at least 800msec 
before the onset of oscillatory motion (bottom) and continued for at 
least 300msec after motion ceased. In this example, motion began 
when the luminance of the target was at its minimum, which we define 
as a relative phase of zero. Phase was specified with respect to the 
period of the flicker waveform. 
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mean of at least two threshold estimates for each 
condition. 
Motion thresholds were obtained at the fovea and at 
2, 6 and 25 deg in the right visual field. When thresholds 
were measured peripherally, fixation was directed to a 
dim red light emitting diode, with the appropriate hori- 
zontal separation from the oscilloscope target. Observers 
dark adapted for at least 5-l 0 min before data collection 
began. 
The two authors and one of their spouses served as 
observers. HEB and CAJ wore their distance refractive 
correction during the experiments. NCB, who was 
previously inexperienced as a psychophysical observer, 
required no correction. 
RESULTS 
Fovea 
Consistent with previous studies (Tyler & Torres, 
1972; Buckingham & Whitaker, 1986; Bedell, 1992) 
fovea1 motion thresholds decreased as the frequency of 
target oscillation increased from 0.5 to about 8 Hz, and 
then increased again at an oscillation frequency of 
16 Hz. The minimum thresholds for oscillatory motion 
ranged in amplitude from 24 to 54 set arc for the three 
observers. However, as shown in Fig. 2, sinusoidal 
luminance flicker of 40% and 80% modulation had little 
systematic effect on thresholds for any frequency of 
oscillation. 
Because we had anticipated that motion thresholds 
would be elevated by target flicker, we reexamined these 
thresholds for the frequencies of oscillation (4 and 8 Hz) 
at which thresholds were lowest. Luminance modu- 
lation was 80% and a larger number of flicker frequen- 
cies was tested. As shown in Fig. 3, all three observers 
exhibited a small but consistent elevation of motion 
thresholds with flicker, but only for an oscillation fre- 
quency of 8 Hz. Varying the relative phase between 
flicker and the onset of motion had no effect on the 
results (data not shown, but see below). Additional data 
for observer NCB confirmed that fovea1 thresholds for 
16 Hz frequency of oscillation were unaffected by flicker 
[Fig. 3(c)] and that the threshold elevation produced by 
flicker for 8 Hz motion was absent when the mean 
luminance of the target was reduced with neutral filter- 
ing from 120 to 12 cd/m* [Fig. 3(b)]. For observer NCB, 
this 1 log unit reduction of luminance reduced sensitivity 
to detect 8 Hz flicker of the stationary target spot by 
0.26 log units. 
Peripheral field 
Compared to the fovea, thresholds for detecting oscil- 
latory motion of a nonflickering target generally wors- 
ened with peripheral viewing. This worsening of motion 
thresholds was most apparent at middle and high fre- 
quencies of oscillation so that the minimum thresholds, 
which occurred for an oscillation frequency between 4 
and 8 Hz at the fovea, shifted to an oscillation frequency 
of 2 Hz in the periphery (Tyler & Torres, 1972). For 
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0 2 4 6 a 10 
FLICKER FREQUENCY (Hz) 
FIGURE 3. Fovea1 displacement thresholds (in log min arc) are 
plotted for 4 Hz (a), 8 Hz (b) and 16 Hz oscillatory motion (c) for a 
range of flicker frequencies (modulation = 80%). Only the thresholds 
for 8 Hz motion are elevated by flicker. However, as illustrated for 
observer NCB in the middle panel, thresholds for 8 Hz motion are not 
elevated by flicker when the mean luminance of the target is reduced 
from 120 to 12cdjm’. 
oscillation frequencies of 2 Hz and below, thresholds 
were lower at an eccentricity of 2 deg than at the fovea, 
presumably because the fixation target used to ensure 
appropriate peripheral viewing acted also as a stationary 
reference target. 
In contrast to the lack of a substantial effect of flicker 
on motion detection at the fovea, target flicker con- 
sistently elevated thresholds for oscillatory motion at 
2, 6 and 25 deg in the right visual field. Figures 4, 5, 
and 6 show that flicker (1.5-6 Hz; 80% modulation) 
reliably elevated motion thresholds up to about 0.4 log 
units at each eccentricity. The insets to these figures 
RESEARCH NOTE 2183 
(a) CAJ: 2 DEG RVF (b) HEB: 2 DEG RVF 
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FIGURE 4. Displacement thresholds for oscillatory motion (in log min arc) are plotted for CAJ (a) and HEB (b) at 
2 deg in the right field. Each panel compares the results for 80% and 0% luminance modulation at a different flicker fre- 
quency. For observer HEB, motion thresholds are also shown for 56% and 40% luminance modulation at 3 Hz. The 
bottom panel shows the average difference (+ 1 SE) between 80% and 0% luminance modulation for flicker frequencies of 
1.5, 3, and 6Hz. 
(which show the difference between motion thresholds 
with and without flicker, averaged for two observers) 
reveal little evidence for a systematic change in the 
pattern of threshold elevation with either eccentricity 
or frequency of flicker. Rather, the data indicate that 
thresholds were elevated for moderate and low fre- 
quencies of oscillatory motion at all three eccentricities 
and for all three rates of flicker (1.5, 3 and 6 Hz). 
Varying the relative phase between 3 Hz flicker and 
oscillatory target motion at an eccentricity of 25 deg 
produced no systematic changes in motion thresholds 
(Fig. 7). 
The effect of varying the depth of flicker modu- 
lation was investigated using 3 Hz flicker for observer 
HEB at an eccentricity of 2 deg. Whereas thresholds 
for medium frequencies of oscillatory motion were 
2184 
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(b) HEB: 6 DEG RVF 
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FIGURE 5. Displacement thresholds for oscillatory motion (in log min arc) are plotted for NCB (a) and HEB (b) at 
6deg in the right field. Each panel compares the results for 80% and 0% luminance modulation at a different flicker 
frequency. The inset shows the average difference (+ 1 SE) between 80% and 0% luminance modulation for flicker 
frequencies of 1.5, 3, and 6 Hz. 
elevated substantially by 80% luminance modulation, 
motion thresholds were essentially unaffected when the 
modulation depth was 40%. A modulation depth of 
57% elevated thresholds for motion approximately half 
as much (logarithmically) as did a modulation depth of 
80% (see Fig. 4). 
Like the thresholds for 8 Hz oscillatory motion at 
the fovea, peripheral motion thresholds were unaffected 
by target flicker when the luminance of the target was 
decreased. As shown in Fig. 8, motion thresholds for 
observer CAJ at 2 deg and for observer HEB at 
25 deg were virtually identical at all oscillation fre- 
quencies with and without target flicker (3 Hz; 80% 
modulation), when the mean luminance of the target 
was reduced to 3.8 cd/m’. At this lowered target 
luminance, sensitivity to detect 3 Hz flicker of the 
stationary spot decreased by between 0.2 and 0.3 log 
units for both observers. 
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FIGURE 6. Displacement thresholds for oscillatory motion (in log min arc) are plotted for CAJ (a) and HEB (b) at 
25 deg in the right field. Each panel compares the results for 80% and 0% luminance modulation at a different flicker 
frequency. The inset shows the average difference (f 1 SE) between 80% and 0% luminance modulation for flicker 
frequencies of 1.5, 3, and 6Hz. 
DISCUSSION 
Clearly, luminance flicker does not exert a robust 
effect on either fovea1 or peripheral thresholds for oscil- 
latory motion, at least under the stimulus conditions of 
our experiment. In particular, luminance modulation 
of the target up to 80% induced very little elevation of 
fovea1 oscillatory motion thresholds, and no elevation 
of thresholds whatsoever when target luminance was 
decreased from 120 to 12 cd/m2. In the periphery, 
thresholds were elevated up to 0.4 log units in the 
presence of flicker for low and moderate frequencies of 
oscillatory motion, but not at all for motion frequencies 
greater than 4 Hz. The data reveal no clear temporal 
frequency tuning for the effects of different flicker fre- 
quencies on oscillatory motion thresholds and flicker 
had no impact on peripheral motion thresholds at all 
when the magnitude of flicker modulation was 
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FIGURE 7. Oscillatory motion thresholds (in log min arc) obtained 
for HEB (a) and CAJ (b) at 25 deg right field are plotted as a function 
of the relative phase between the motion and flicker waveforms. See 
Fig. 1 for the conventions used to define phase. The frequency of flicker 
was 3 Hz and modulation was 80%. 
from 80% to 40% or when the mean luminance of the 
target was reduced. 
What accounts for the relatively small effect of lumi- 
nance flicker on thresholds for oscillatory motion? One 
possibility is that motion-detecting mechanisms respond 
indiz?dually to luminance modulation, but that these 
responses to flicker are generally averaged out in a large 
population of motion-detectors with different direction 
preferences. Correlated responses to luminance flicker 
should occur in all of the motion detectors in the 
population that are stimulated by the target, creating a 
background of noise activity above which a motion 
signal must be detected. With a large enough population, 
averaging could reduce this noise sufficiently so that 
motion thresholds are essentially unaffected (Britten, 
Shadlen, Newsome & Movshon, 1992). This expla- 
nation can account qualitatively for two aspects of our 
findings. First, motion thresholds may still be elev- 
ated if the magnitude of flicker-induced neural noise 
becomes too great, as when the amplitude of luminance 
change (modulation contrast x mean target luminance) 
is extremely high. Second, because of the decrease in the 
cortical “point image” with retinal eccentricity [i.e. the 
number of receptive fields stimulated by a point stimulus 
at a specific retinal location (Dow, Snyder, Vautin & 
Bauer, 1981; Van Essen, Newsome & Maunsell, 1984)], 
fewer motion-sensitive neurons are likely to respond to 
a small target spot when it is presented peripherally, 
compared to foveally. Averaging reduces noise accord- 
ing to the number of participating neurons, so that a 
decrease in the cortical “point-image” would result in a 
less complete attenuation of flicker-induced responses in 
the motion-detecting population, as well as a smaller 
aggregate motion signal. Together, these factors would 
increase the likelihood that peripheral motion thresholds 
are elevated by large-amplitude flicker. 
The explanation suggested above does not readily 
account for the selective elevation of j&leaf motion 
thresholds that we found for an oscillation frequency of 
8 Hz. To accommodate this finding, we offer a second 
possible explanation for our results, predicated on the 
distinction between velocity- and position-sensitive 
mechanisms for motion detection (Leibowitz, 1955; 
Johnson & Leibowitz, 1976; Bonnet, 1984; Boulton, 
1987). Velocity-sensitive mechanisms have been pro- 
posed to mediate thresholds for moderate and low 
frequencies of (unreferenced) motion, because of the 
inverse relationship between the motion threshold 
(expressed in min arc) and the frequency of oscillation 
within this range (Tyler & Torres, 1972; Smith, 1991). 
However, we suggest that thresholds mediated by pos- 
ition-detecting mechanisms also should decrease with 
the frequency of oscillatory motion (although with a 
slope less steep than - 1 .O: see Fig. 9) which is contrary 
to the usual assumption that these thresholds are 
independent of temporal frequency. This suggestion 
is based on the finding that fovea1 vernier thresholds 
worsen systematically as the temporal asynchrony 
between the constituent targets increases (Westheimer & 
McKee, 1977; White, Levi & Aitsebaomo, 1992) even 
after compensation for the shift in retinal image pos- 
ition that occurs during intervening fixational eye move- 
ments (Matin, Pola, Matin & Picoult, 1981). We assume 
that position-sensitive mechanisms detect peak-to-peak 
differences in target position which, for a target in 
oscillatory motion, occur after a temporal delay that 
decreases with the frequency of motion. If position- 
sensitive mechanisms mediate thresholds for low and 
moderate frequencies of motion at the fovea then, like 
vernier acuity (Fendick & Swindale, 1994) we would 
expect no elevation of these thresholds by target flicker. 
Nair’s modeling results indicate that velocity-sensitive 
mechanisms should be desensitized by target flicker, 
which can account for the threshold elevation for 8 Hz 
motion if velocity sensitivity normally exceeds position 
sensitivity at this frequency (Fig. 9). Sensitivity for fine 
position falls off faster with retinal eccentricity than 
sensitivity for velocity (e.g. Whitaker, Makela, Rovamo 
& Latham, 1992) so that, in the periphery, z>elocity-sen- 
sitive mechanisms presumably mediate thresholds for 
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FIGURE 8. Oscillatory motion thresholds (in log min arc) with and without 3 Hz flicker are shown for CAJ at 2 deg (left) 
and for HEB at 25 deg (right). Motion thresholds were elevated by 80% luminance modulation when the mean target luminance 
was 120 cd/m* (top), but not when the mean luminance was reduced to 3.8 cd/ml. 
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FIGURE 9. Relative changes in the log displacement threshold are shown as a function of the frequency of oscillatory motion 
for a hypothetical velocity-sensitive mechanism (dashed line) and hypothetical fovea1 and peripheral position-sensitive 
mechanisms (solid lines with small and large squares respectively). The threshold of the velocity-sensitive mechanism falls with 
a slope of - 1.0, which represents a line of constant velocity on this plot. The thresholds of the fovea1 and peripheral 
position-sensitive mechanisms are also shown to fall with the frequency of oscillatory motion because, based on the data of 
Matin et al. (1981), we assume that position thresholds decrease linearly with the temporal asynchrony between the 
peak-to-peak difference in target position. At brief temporal asynchronies (corresponding to high frequencies of motion), 
position thresholds approach an asymptotic value, which is substantially higher in the periphery than the fovea (e.g. White 
et al., 1992). Consequently, the thresholds of the position-sensitive mechanisms fall with a slope shallower than - 1 .O, which 
allows the threshold of the velocity-sensitive mechanism to fall below that of the fovea1 position-sensitive mechanism at a 
motion frequency of 8 Hz. Thresholds are not shown for motion frequencies higher than 8 Hz, which presumably reflect other 
limitations, such as temporal integration (Scobey & Johnson, 1981). 
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low and moderate frequencies of oscillatory motion 
(Fig. 9). If flicker degrades the sensitivity of velocity 
mechanisms then, with flicker, peripheral motion 
thresholds should be elevated for this entire range of 
frequencies, as we observed (Figs 4-6). 
Like our first explanation, based on averaging across 
a population of motion detectors, recourse to separate 
velocity- and position-sensitive mechanisms does not 
account for all aspects of our results. Specifically, it 
does not explain why target flicker elevates motion 
thresholds only when the mean luminance of the target 
is high. However, the two possible explanations that we 
offer are not mutually exclusive and, in combination, 
could account for the majority of our results. 
Another noteworthy aspect of our results is that 
flicker produced no elevation of fovea1 or peripheral 
thresholds for high frequencies of oscillatory motion, 
which seems inconsistent with the suggestion that high 
frequencies of oscillatory motion are detected by mech- 
anisms primarily sensitive to flicker or temporal contrast 
(Tyler & Torres, 1972; Tulunay-Keesey & VerHoeve, 
1987; Wesemann & Norcia, 1992). Motion thresholds 
for high oscillation frequencies were similarly unaffected 
by flicker in Nair’s (1992) modeling study. Regardless of 
whether the explanations we suggest for our findings 
are correct, the robust resistance of motion thresholds 
for all frequencies of oscillation to interference from 
unrelated temporal changes of the stimulus must be 
accounted for in any viable model of human motion 
detection. 
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